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ABSTRACT: Human and environmental health are critically threatened by combined exposures
to multiple chemical toxicants, including industrial chemicals, heavy metals, pesticides, endocrine-
disrupting chemicals (EDCs), and per- and polyfluoroalkyl substances (PFAS). These substances
interact biologically, producing additive, synergistic, or antagonistic effects that conventional
single-substance risk assessments fail to predict. This leads to a systematic underestimation of
health risks, particularly for vulnerable populations. Despite robust evidence on mixture toxicity,
major regulatory frameworks such as the US Toxic Substances Control Act (TSCA) and the EU’s
REACH program continue to assess chemicals in isolation. This review synthesizes current science
on toxicant interactions and critiques global regulatory shortcomings, underscoring the real-world
consequences through case studies on PFAS, heavy metals, and pesticide mixtures. It advocates for
a paradigm shift, proposing reforms that integrate emerging tools like exposomics and
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computational toxicology with holistic frameworks such as One Health. We highlight pioneering regulatory efforts, including
Canada’s mandate for cumulative risk assessments under CEPA and the EU’s development of mixture assessment factors (MAFs), as
essential models for progress. Our recommendations include mandating science-based mixture assessments, harmonizing global
standards, and implementing equity-driven policies to align regulations with the reality of multichemical exposures.

1. INTRODUCTION

The widespread presence of environmental toxicants, including
industrial chemicals, heavy metals, pesticides, and persistent
organic pollutants (POPs), poses important challenges to both
human health and ecological integrity. Critically, organisms are
rarely exposed to a single chemical in isolation. Rather, they
continuously encounter complex mixtures of contaminants
whose combined effects may differ substantially from those
predicted by examining each substance individually. The WHO
estimated that approximately 23% of global mortality is
associated with environmental factors, with chemical exposures
being a leading contributor.”> While this statistic reflects
associations rather than definitive causal relationships and may
not fully account for confounding factors such as socio-
economic status, it likely underestimates the true burden
attributable to chemical exposures since regulatory risk
assessments and epidemiological studies have traditionally
evaluated compounds one at a time. This single-substance
paradigm fails to capture the synergistic, additive, or
antagonistic interactions that arise when multiple toxicants
co-occur, a phenomenon collectively referred to as mixture
toxicity, leaving a critical gap in the understanding of real-
world chemical risk (see Tables 1 and 2).

Human biomonitoring studies, such as the US National
Health and Nutrition Examination Survey (NHANES) and the
European Human Biomonitoring Initiative (HBM4EU), have
demonstrated that individuals in contemporary societies
harbor a complex “body burden” of hundreds of synthetic
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chemicals.”* These exposures are chronic and multipathway,
occurring through inhalation, ingestion, dermal absorption,
and occupational contact, and reflect the growing influence of
the chemical exposome, the totality of environmental chemical
exposures from conception onward.

Crucially, these exposures do not occur in isolation. A
growing body of evidence reveals that toxicant mixtures can
produce combined effects that differ significantly from those of
individual substances considered alone.””” It is important to
acknowledge that while synergistic interactions receive
considerable attention in mixture toxicology research, most
experimental evidence at environmentally relevant doses
supports additive rather than synergistic effects, with true
synergism documented in approximately 7% of binary mixtures
studied.”® However, even additive effects represent a
significant concern given that current regulatory frameworks
may not adequately account for cumulative exposures. For
example, combinations of per- and polyfluoroalkyl substances
(PFAS) with bisphenol A (BPA) have been shown to enhance
endocrine-disrupting activity beyond the effects of either
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Table 1. Overview of Key Regulatory Frameworks and Their Approach to Toxicant Mixtures

jurisdiction/
framework scope mixture focus
Stockholm global none; lists individual POPs for
Convention on restriction/elimination
POPs
Minamata global none; focuses solely on mercury
convention on
mercury
SAICM/global global acknowledges mixtures as a concern
chemicals
framework
US TSCA USA limited; single-substance risk
evaluations
EU REACH EU limited; mixture assessment factors
(MAFs) under development
Canadian CEPA Canada emerging; 2023 reforms include
cumulative effects
food safety (e.g, national/ none; MRLs for individual pesticides
pesticide MRLs) regional
drinking water national/ limited (e.g., total trihalomethanes)
standards (MCLs) regional
air quality standards  national/ limited; standards for individual
regional pollutants

ignores co-occurrence and combined effects
of POPs

no consideration of mercury interactions
with other neurotoxicants

lacks binding mandates for mixture
assessment

no routine mixture assessment; narrow
“conditions of use”

MAFs not consistently applied; single-
substance focus

implementation details evolving

ignores combined effects of pesticide
residues

fails to address contaminant cocktails

ignores interactive effects of particulate
matter (PM) and gaseous pollutants

key limitations reform potential

broader consideration of chemical
classes and cumulative exposures

integrate with broader neurotoxicant
reduction strategies

post-2020 framework to strengthen
mixture-focused actions

use existing authorities for cumulative
assessments

implement MAFs and grouping
strategies for mixtures

bill S-5 (2023) mandates cumulative
effects assessment

cumulative risk assessment for
pesticide groups

monitor emerging contaminants and
mixture effects

research specific air pollution mixture
effects

Table 2. Case Studies of Toxicant Mixtures and Regulatory Deficiencies

exposure routes and

case study toxicants and interactions populations

PFAS and  multiple PFAS (e.g, PFOA, PFOS); drinking water, food
EDCs synergy with EDCs (e.g,, BPA) packaging; widespread

exposure

heavy Pb, Cd, As, Hg; additive/synergistic water, soil, food; children
metals neurotoxicity vulnerable

pesticide organophosphates, carbamates; diet, water, occupational;
mixtures synergistic neurotoxicity farmworkers

health/environmental concerns

regulatory gaps

TSCA/REACH: slow PFAS class
regulation; single-substance focus

endocrine disruption,
developmental toxicity,
carcinogenicity

clean water/SDWA: Individual limits
miss mixture effects

FIFRA/EFSA: MRLs ignore dietary
mixture effects

neurodevelopmental deficits,
kidney damage, cancers

neurotoxicity, endocrine
disruption, pollinator harm

compound alone.””"" It should be noted that PFAS comprise
hundreds or thousands of individual chemicals rather than a
single compound, and real-world PFAS exposure typically
involves multiple compounds simultaneously. In contrast,
coexposures to lead (Pb), mercury (Hg), and cadmium (Cd)
may amplify neurotoxic effects, particularly in children, whose
developing nervous systems are highly vulnerable.'” Mixtures
of organophosphate and carbamate pesticides can also exhibit
additive or potentially synergistic neurotoxicity due to shared
mechanisms of acetylcholinesterase inhibition. However, it
should be noted that organophosphates typically form stable,
often irreversible complexes with acetylcholinesterase, while
carbamate inhibition is usually transient and reversible,
affecting the duration and severity of observed effects.'”'*

These mixture effects raise particular concern for vulnerable
populations such as infants and children, pregnant women, the
elderly, and low-income or marginalized communities, who
may experience heightened biological sensitivity alongside
disproportionate exposure burdens.">'® Such populations
frequently live in areas with high environmental contamination,
have limited access to healthcare, and are often excluded from
policymaking processes that affect environmental health
protections.l e

Despite mounting scientific evidence, the understanding of
toxicant mixtures remains limited.'”~*' Research in this area is
constrained by the vast number of possible chemical
combinations, the lack of real-world exposure data, and the
high cost and complexity of experimental mixture studies.”* ™"
Although biomonitoring techniques can detect the presence of
multiple chemicals in human tissues, relatively few studies have
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quantified their combined biological effects, especially at the
low doses typical of chronic exposures.”>*° Additionally,
epidemiological studies are often hindered by confounding
variables, and global biomonitoring efforts remain uneven, with
limited data available for many emerging contaminants such as
novel flame retardants, plasticizers, nanomaterials, and trans-
formation products of existing chemicals.”’ =’

A persistent gap remains between scientific insights into
mixture toxicity and the regulatory systems addressing it.*>"
Most national and international frameworks, including the US
Toxic Substances Control Act (TSCA), the EU REACH
(Registration, Evaluation, Authorization and Restriction of
Chemicals) regulation, and WHO guidance, still evaluate
chemicals individually.””**~* Although agencies such as the
US Environmental Protection Agency (EPA), WHO/IPCS,
and ATSDR (Agency for Toxic Substances and Disease
Registry) have developed mixture-assessment guidelines since
the 1980s, their practical use remains limited. Under TSCA,
risk evaluations rarely consider mixtures, except in specific
cases such as intentional formulation or shared mechanisms of
toxicity (e.g, organophosphate pesticides).*>*” This narrow
focus overlooks the complex exposures occurring in real-world
contexts. REACH has introduced the concept of Mixture
Assessment Factors (MAFs), but these tools are still being
refined, with implementation for high-priority substances
expected in 2026."%*’ Similarly, international treaties such as
the Stockholm and Minamata Conventions continue to target
single substances, despite clear evidence of coexposure and
possible interactions among contaminants in the environment
and humans.*>*!

https://doi.org/10.1021/acs.chemrestox.5c00375
Chem. Res. Toxicol. 2026, 39, 738—751

920z 19quIanoN Z0 o 1s8nb Aq Jpd'G/£009G XOISaIWBYD'SOB/80GHZZI9/8E £/G/6E/Pd-loilE/09010/BI0"s0E"SGN WO} papEO|UMOQ


pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.5c00375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Research in Toxicology

pubs.acs.org/crt

REVIE

The Food Quality Protection Act (FQPA) of 1996
represents a notable advance in US pesticide regulation,
mandating that the US EPA ensures pesticides used on food
are “safe”, with particular provisions for children. This includes
an additional safety factor to account for uncertainties in data
related to children’s possible susceptibility. Importantly, US
EPA considers the combined effects of multiple pesticides that
are judged to be toxicologically similar under FQPA, such as
organophosphate and carbamate pesticides with common
mechanisms of action. If multiple pesticides with shared
toxicity pathways are present on food, their combined residue
levels are considered when setting tolerances.*”** Similarly,
regulatory standards for food and water, such as acceptable
daily intakes (ADI) and acute reference doses (ARfD) under
the Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA), or contaminant thresholds in the Safe Drinking
Water Act, typically address one compound at a time,
overlooking the reality of multiple residues and copollu-
tants. """

This predominantly single-substance paradigm can contrib-
ute to potential underestimation of health risks posed by real-
world exposures, particularly where synergistic interactions can
increase toxicity at doses considered safe in isolation.*’
Furthermore, the absence of harmonized global standards for
mixture assessments impedes coordinated international
responses and exacerbates health inequities.””

This review critically examines current regulatory ap-
proaches to addressing toxicant mixtures. It aims to (1)
evaluate the limitations of prevailing single-substance ap-
proaches, (2) highlight the scientific basis for mixture-focused
risk assessment, (3) illustrate potential health and environ-
mental consequences of limited mixture consideration, and (4)
propose evidence-based policy recommendations for reform.
Furthermore, the present review identifies and examines
pioneering regulatory developments, such as Canada’s
operationalization of cumulative risk assessments under the
Canadian Environmental Protection Act (CEPA) and the
European Union’s planned implementation of MAFs under
REACH. These initiatives provide critical, real-world models
for how regulatory systems can begin to address the complexity
of mixture exposures.

2. SEARCH STRATEGY

A literature search was conducted to identify peer-reviewed
studies, official reports, and policy documents published
between January 1, 1980 and July 31, 202S. The starting
date was expanded to 1980 to capture foundational work in
mixture toxicology, including the seminal 1986 US EPA
Guidelines for the Health Risk Assessment of Chemical
Mixtures and the 2000 Supplementary Guidance for
Conducting Health Risk Assessment of Chemical Mixtures,
which provide methodological foundations for evaluating
human health risks from environmental chemical mixtures.
Searches were performed across major scientific databases,
including PubMed, Scopus, Google Scholar and Web of
Science, and using Boolean combinations of keywords. Specific
search terms included: “toxicant mixtures”, “chemical mix-
tures”, “combined effects”, “cumulative exposure”, “regulatory
gaps”, “chemical policy”, “PFAS”, “endocrine disruptors”,
“heavy metals”, “pesticides”, and “persistent organic pollu-
tants”.

Example search strings included: (“toxicant mixtures” OR
“chemical mixtures”) AND (“regulation” OR “policy”) AND
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(“health effects”); (“PFAS” OR “perfluoro”) AND (“mixture”
OR “combined exposure”); (“heavy metal” OR “lead” OR
“mercury” OR “cadmium”) AND (“mixture” OR “coexpo-
sure”) AND (“neurotox” OR “developmental”). These were
used to capture literature on both health impacts and
regulatory responses. To expand coverage, reference lists of
key articles and reviews were screened manually, while major
agency websites (e.g., US EPA, ECHA, EFSA, WHO, UNEP)
were consulted for relevant documents. Inclusion criteria
focused on studies addressing mixture toxicity mechanisms,
health or environmental impacts, regulatory analyses, and
proposed policy reforms. Only English-language sources were
included. Exclusion criteria ruled out non-peer-reviewed
sources (except official reports) and articles focused solely
on single-substance toxicity. Study quality was evaluated using
a framework considering methodological rigor (study design,
sample size, statistical methods), peer-review status, and
relevance to regulatory applications. Higher weight was given
to systematic reviews, meta-analyses, and studies with robust
exposure assessment and control for confounding variables.
Relevant findings were synthesized narratively to evaluate
regulatory shortcomings, highlight scientific challenges, and
support evidence-based policy recommendations. The key
themes presented in the Results section were identified
through an iterative thematic synthesis approach. After the
initial literature search, both authors independently screened
titles and abstracts for relevance. Full-text articles that met the
inclusion criteria were then examined in detail, allowing the
identification and coding of recurring topics concerning
regulatory gaps, mechanisms of mixture toxicity, challenges
in exposure assessment, and recent policy developments. The
thematic categories were subsequently refined through
discussion and cross-referencing with relevant regulatory and
scientific documents. Themes were retained when they
appeared consistently across multiple independent sources,
including systematic reviews, primary studies, and agency
reports. This synthesis process informed both the structure of
the Results section and the formulation of the policy
recommendations presented in this work.

3. RESULTS

The literature review highlights major themes in the science
and regulation of chemical mixtures. Evidence shows that real-
world exposures involve complex combinations of chemicals,
whose collective effects are often underestimated by single-
substance regulatory models. This synthesis first critiques
existing frameworks and their limitations, then outlines current
knowledge of toxicant interaction mechanisms (molecular and
toxicokinetic bases of additive, synergistic, and antagonistic
effects) and the key challenges of mixture risk assessment. It
closes with case studies on PFAS, heavy metals, and pesticide
mixtures and discusses emerging tools and policy options for
future reform.

3.1. Current Regulatory Frameworks: A Predominant
Single-Substance Focus

Despite decades of evolving chemical safety legislation and a
growing scientific understanding of the complexities of
chemical exposures, most national and international regulatory
systems remain firmly anchored to a paradigm that assesses
and manages chemicals as isolated, individual entities.*®*’ This
single-substance focus inherently fails to account for the
common reality of concurrent exposures to multiple chemicals
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and their potential interactions. An examination of key global
and national frameworks reveals ongoing challenges in
addressing mixture toxicity.”’

Internationally, prominent treaties and agreements designed
to manage hazardous chemicals, such as the Stockholm
Convention on POPs (2001), the Rotterdam Convention on
Prior Informed Consent (1998), the Basel Convention on the
Control of Transboundary Movements of Hazardous Wastes
and Their Disposal (1989), and the Minamata Convention on
Mercury (2013), primarily target specific, high-concern
chemicals or defined waste streams. While crucial for
controlling some of the most dangerous substances, these
conventions universally adopt a single-substance approach.

The Comprehensive Environmental Response, Compensa-
tion, and Liability Act (CERCLA), which addresses the
cleanup of hazardous waste sites in the United States, includes
approaches for evaluating chemical mixtures at Superfund sites,
representing one of the earlier regulatory frameworks to
acknowledge mixture exposures in contaminated environ-
ments. The ATSDR has developed frameworks for mixture
assessment under CERCLA, including a binary weight-of-
evidence (BINWOE) classification scheme and approaches for
pooling target organ outcomes. Nevertheless, these methods
have limitations, such as focusing on pairwise interactions
within complex mixtures and potentially overlooking toxicoki-
netic differences that can affect sites of action. The Stockholm
Convention, for example, lists POPs individually for restriction
or elimination, despite clear evidence of their co-occurrence in
environmental matrices and biological samples, and the
potential for combined effects. The Rotterdam and Basel
Conventions focus on the international trade of hazardous
chemicals and the management of hazardous waste,
respectively, but lack substantive provisions for assessing or
mitigatingl risks arising from chemical mixtures within these
contexts.” Similarly, the Minamata Convention is dedicated to
regulating Hg, a potent neurotoxicant, but does so in isolation,
without considering its interactions with other co-occurring
pollutants like lead or cadmium, which can exacerbate
neurodevelopmental impacts. Even broader initiatives like the
Strategic Approach to International Chemicals Management
(SAICM) and its post-2020 framework (now the Global
Framework on Chemicals—Toward a Planet Free of Harm
from Chemicals and Waste) acknowledge the issue of mixture
exposures but historically have lacked binding enforcement
mechanisms to mandate their assessment or management.52

National regulatory frameworks in many industrialized
nations mirror this international trend. In the United States,
the TSCA, even after significant amendments in 2016 (the
Frank R. Lautenberg Chemical Safety for the 21st Century
Act), continues to direct the EPA to evaluate chemicals
primarily based on their individual properties and “conditions
of use”. While the amended TSCA mandates risk evaluations
for existing chemicals and reviews for new chemicals, it does
not explicitly require the assessment of risks from combined
exposures to multiple chemicals, except in very limited
circumstances.”” The European Union’s REACH regulation
is often cited as one of the most comprehensive chemical
management systems globally. However, REACH also
predominantly focuses on single-substance registration and
risk assessment dossiers submitted by manufacturers. While
there has been ongoing discussion and development of
methodologies like the use of MAFs to account for
unintentional coexposures, these are not yet consistently or
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mandatorily applied across all relevant scenarios and remain a
subject of ongoing scientific and policy development.” Other
national legislations, such as those in Japan and China, also
tend to emphasize single-substance evaluations for chemical
registration and control.

3.2. Notable Progress in Mixture Regulation

Despite the predominance of single-substance approaches,
several promising regulatory developments merit recognition.
Canada has emerged as a potential model for progress in
addressing chemical mixtures. Since 2023, under the CEPA,
Canada has implemented pilot programs to operationalize
cumulative risk assessments, with specific focus on PFAS and
pesticide mixtures.”® These initiatives represent some of the
first mandatory requirements for mixture assessment within a
major regulatory framework.

Similarly, the European Union’s Chemicals Strategy for
sustainability (2020—2024) has advanced mixture consider-
ations by mandating the inclusion of MAFs in REACH
dossiers for high-priority substances, with enforcement
scheduled to begin in 2026. This represents an important
step toward acknowledging the “mixture reality” within the
EU’s chemical management system. Recent methodological
advances in dose addition understanding, including concepts
such as convergence of toxicity pathways, have been
documented in US EPA’s frameworks for mixture assessment,
providing updated guidance that builds upon the foundational
1986 and 2000 US EPA mixture guidelines.

While in the USA, broad regulatory reform remains limited,
targeted actions addressing specific mixture concerns have
emerged. Notably, the US EPA finalized binding PFAS
drinking water standards in 2024 (4—10 ppt for PFOA/
PFOS), marking the first federal regulation explicitly acknowl-
edging cumulative risks for PFAS mixtures. Notwithstanding, it
should be noted that these standards have faced implementa-
tion challenges and partial modifications under current
administration policies. These developments, while insufficient
to address the full scope of mixture toxicity challenges,
demonstrate feasible pathways for incorporating mixture
considerations into existing regulatory frameworks.

This single-substance focus is also pervasive in sector-
specific regulations. For example, food safety standards
typically establish maximum residue limits (MRLs) for
individual pesticides in various commodities. However, it is
common for food items to contain residues of multiple
pesticides, yet the regulatory limits are generally not adjusted
to account for potential additive or synergistic effects of these
co-occurring residues.”* In Europe, cumulative risk assessment
of pesticide residues has been conducted using ADI and RfD
values for groups of pesticides with common mechanisms,
demonstrating the feasibility of mixture-based approaches,
although implementation remains limited in scope. On the
other hand, drinking water quality standards usually set
maximum contaminant levels (MCLs) for individual chemical
contaminants, with only a few exceptions for groups of related
substances like total trihalomethanes (disinfection byprod-
ucts).*** Many epidemiological studies of dioxin-like
compounds (DLC) use the toxic equivalency factor (TEF)
approach along with measures of exposure to DLC mixtures,
demonstrating the feasibility of mixture-based assessment
approaches. Similarly, several drinking water disinfection
byproduct (DBP) epidemiology studies evaluate developmen-
tal health effects from subsets of DBP mixtures, such as
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haloacetic acids or trihalomethanes, using relative potency
factors for mixture analysis.”> Air quality standards also target
individual criteria pollutants (e.g, ozone, sulfur dioxide,
nitrogen oxides, and particulate matter), even though
atmospheric pollution, particularly PM, consists of a complex
mixture of numerous chemical species.’®

Occupational exposure limits (OELs) in workplace settings
are also typically set for individual chemicals, and while some
guidance exists for assessing simple additive effects for
chemicals with similar modes of action, more complex
interactions like synergism are rarely accounted for in
regulatory compliance.”” Consumer product regulations tend
also to assess the safety of individual chemical ingredients
rather than the potential effects of exposures to mixtures of
chemicals leaching from products or arising from the use of
multiple products concurrently.*®

This siloed, chemical-by-chemical approach across various
regulatory domains fails to capture the reality of multimedia
and multipathway exposures that characterize modern life,
potentially leading to an underestimation of overall chemical
risk. This persistent focus on single toxicants creates challenges
in regulatory oversight, that may leave the public and the
environment inadequately protected from the combined effects
of the chemicals to which they are exposed daily.

3.3. Scientific Understanding of Toxicant Interactions:
Mechanisms, Challenges, and Data Gaps

Building upon the outlined regulatory landscape, it is essential
to delve into the scientific basis for mixture toxicity. The
interactions between different toxicants are complex and can
significantly alter their individual effects, a reality that current
single-substance regulatory models largely fail to capture.
Understanding these mechanisms, the challenges in assessing
them, and the existing data gaps is fundamental to appreciating
the urgent need for regulatory reform.

3.4. Mechanisms of Interaction

Toxicant mixtures interact through additive, synergistic, or
antagonistic mechanisms.'***~°" Additive effects occur when
chemicals with similar modes of action, such as neurotoxic
metals (Pb, Cd, Hg), elicit cumulative toxicity via shared
molecular targets. Synergistic interactions, in which combined
effects exceed individual toxicities, are particularly concerning
(for example, PFAS and BPA may jointly amplify endocrine
disruption at low doses). Such synergism can arise when one
compound impairs another’s detoxification (toxicokinetic
synergy, as seen with organophosphates inhibiting carbamate
hydrolysis), or when distinct pathways converge on common
signaling nodes (toxicodynamic synergy). Antagonism,
although less examined, occurs when one chemical reduces
another’s toxicity, as with antioxidants mitigating metal-
induced oxidative stress or competitive receptor binding.
Interaction outcomes depend on dose, timing, exposure route,
and susceg)tibility, complicating linear, single-chemical risk
models.””** Independent action, where compounds act on
separate targets with minimal interaction, often serves as a
baseline assumption in mixture assessments.

3.5. The Evidence Base for Synergistic Effects

It is essential to acknowledge the ongoing scientific debate
regarding the prevalence of synergistic interactions at environ-
mentally relevant concentrations. While synergistic effects can
occur under controlled experimental conditions, they cannot
necessarily be representative of human-relevant exposure
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scenarios without supporting dose and timing data. A meta-
analysis by Cedergreen® examined 194 binary mixtures and
found true synergism in approximately 7% of cases, with most
mixtures exhibiting additive effects. This finding underscores
the importance of not overemphasizing synergistic interactions
while recognizing that even the documented cases of synergism
represent significant concerns given the thousands of chemicals
in commerce and the potential for serious health impacts when
synergism does occur. There is a strong bias toward
investigating additive and synergistic effects in the literature.®*
Most investigations report synergism at concentrations exceed-
ing typical exposure concentrations, while the relevance of
exposure levels for the occurrence of synergism is an important
issue. More recent studies have identified specific conditions
that may promote synergistic interactions at lower, environ-
mentally relevant concentrations. For example, Kortenkamp®®
demonstrated synergistic effects between certain PFAS
compounds and other endocrine-disrupting chemicals
(EDCs) at concentrations within human exposure ranges,
particularly when targeting specific endocrine pathways.
Similarly, research on pesticide mixtures by Cedergreen®
reported synergistic interactions between organophosphates
and certain fungicides at concentrations found in agricultural
workers. However, few studies assess mixture effects at
environmentally relevant levels, and existing evidence remains
inconsistent. Although mechanisms of synergism are still being
clarified, current knowledge indicates that such interactions,
particularly among endocrine disruptors, developmental
toxicants, and chemicals sharing target organs, deserve careful
regulatory attention.

3.6. Challenges in Risk Assessment of Mixtures

Mixture risk assessment faces three core challenges: the vast
number of possible chemical combinations, reliance on single-
substance toxicological data poorly suited for predicting
interactions, and nonlinear/nonmonotonic dose-responses
(NMDRs), frequently observed with EDCs that complicate
extrapolation from high-dose studies. New approach method-
ologies (NAMs) offer complementary strategies to address
these limitations, encompassing in silico and in vitro methods,
omics-based techniques, and alternative in vivo approaches.®®
Tools such as quantitative structure—activity relationship
(QSAR), physiologically based pharmacokinetic (PBPK)
models, and high-throughput screening platforms show
considerable potential for predicting mixture effects and
reducing animal testing.z’zz_M’M’G8 Nevertheless, broader
NAM adoption remains constrained by insufficient validation
data, the inherent complexity of biological interactions, as well
as the absence of comprehensive regulatory guidance for their
implementation in mixture risk assessments.

3.7. Limitations in Exposure Science

Accurately characterizing human and environmental exposure
to chemical mixtures, the exposome, is another major scientific
hurdle. The exposome is dynamic and varies significantly based
on geographical location, lifestyle, diet, occupation, age, and
socioeconomic status.”” While biomonitoring studies (e.g.,
measuring chemical concentrations in blood or urine) can
detect the presence of multiple toxicants in human bodies,
providing direct evidence of coexposure, comprehensive
biomonitoring programs that cover a wide range of chemicals
and diverse populations are scarce, particularly in low- and
middle-income countries.”® Furthermore, detecting chemicals
does not automatically equate to understanding their
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Environmental exposure often involves complex mixtures rather than single compounds

Figure 1. Conceptual model illustrating the fundamental failure of current single-substance regulatory paradigms to adequately address the

complexities of real-world exposures to toxicant mixtures.

combined health impact. Epidemiological studies attempting to
link mixture exposures to health outcomes face significant
methodological challenges, including accurately assessing past
exposures, controlling for numerous confounding variables
(e.g, genetics, lifestyle, socioeconomic factors), and disen-
tangling the effects of individual components within a complex
mixture.”’

Global biomonitoring efforts are also uneven, with
significant data gaps for many emerging contaminants of
concern, such as novel flame retardants, plasticizers, nanoma-
terials, and transformation products of existing chemicals,
further hindering comprehensive mixture risk assessments.””
Advances in high-resolution mass spectrometry (HRMS) and
exposomic databases (e.g,, the EU’s HBM4EU initiative) now
enable untargeted screening of thousands of chemicals in
biological samples, yet regulatory risk assessments lag in
adopting these tools. Without robust exposure data, even the
most sophisticated toxicological models for mixture effects
cannot be effectively applied to real-world scenarios.

These scientific complexities and data limitations underscore
the inadequacy of the current single-substance regulatory
approach and highlight the urgent need for new methodologies
and a paradigm shift in how we assess and manage the risks
from chemical mixtures. A conceptual model illustrating the
fundamental failure of current single-substance regulatory
paradigms to adequately address the complexities of real-
world toxicant mixture exposures is shown in Figure 1.

3.8. Regulatory Gaps and Weaknesses: Real-World
Exposures

The preceding discussions on current regulatory frameworks
and the scientific understanding of toxicant interactions clearly
illuminate a fundamental challenge in how chemical risks are
managed globally: the overwhelming reliance on a single-
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substance paradigm.”’ This approach may systematically

underestimate, and often entirely ignore, the health risks
associated with cumulative and interactive exposures to
multiple chemicals.”" This section will delve deeper into the
specific regulatory gaps and weaknesses that arise from this
predominant model.

3.9. The Pervasive Single-Substance Focus and Its
Consequences

A significant regulatory gap is the near-universal focus on
assessing chemicals one by one. Major regulatory frameworks
like TSCA in the US, and REACH in the EU, along with
international conventions, primarily evaluate the safety of
individual substances against specific toxicity end points. This
approach inherently fails to consider that in the real world,
humans and ecosystems are never exposed to just one chemical
at a time. Instead, they are exposed to complex mixtures from
diverse sources including air, water, food, consumer products,
and occupational environments. The assumption that regulat-
ing individual chemicals to their respective “safe” levels will
automatically protect against the effects of mixtures cannot be
scientifically supported, especially when synergistic interactions
occur.” This single-substance paradigm, therefore, may create a
false sense of security and potentially lead to an under-
estimation of true public health and environmental risks.

3.10. Inconsistent Standards and Lack of Harmonization

Compounding the problem of the single-substance focus is the
significant inconsistency in chemical standards and risk
assessment methodologies across different jurisdictions and
even between different regulatory programs within the same
country. For example, acceptable exposure limits or regulatory
thresholds for the same chemical (e.g, specific PFAS
compounds, pesticides, or heavy metals) can vary substantially
between the US, the EU, Canada, and other nations.”*™"*
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These discrepancies make it exceedingly difficult to develop a
coherent global or even regional strategy for managing mixture
risks. If individual chemical standards are not harmonized, the
foundation for assessing mixtures becomes even more
fragmented and unreliable. This lack of harmonization
complicates international trade, hinders collaborative research,
and ultimately results in unequal levels of public health
protection across different populations.

3.11. Insufficient Application of Precautionary Measures,
Especially for Vulnerable Populations

Some regulations may not adequately apply the precautionary
principle, which advocates for proactive measures to prevent
harm even in the face of scientific uncertainty. This is
particularly relevant for chemical mixtures, where the full
extent of interactive effects is often unknown. Furthermore,
regulatory standards are typically based on studies in healthy
adult animals or average human populations, with safety factors
applied to extrapolate to sensitive subgroups. However, these
safety factors may not be sufficient to protect vulnerable
populations, including fetuses, infants, children, pregnant
women, the elderly, and individuals with pre-existing health
conditions or genetic susceptibilities, from the effects of
chemical mixtures.'® Children, for instance, have different
exposure patterns, metabolic capacities, and developmental
sensitivities compared to adults, making them uniquely
vulnerable.*® Regulations rarely incorporate sufficiently pro-
tective, mixture-specific standards or lower exposure thresholds
tailored to these vulnerable groups, potentially contributing to
environmental injustice and health disparities.

3.12. Industry Influence and Significant Data Gaps

Regulatory processes can be influenced by industry interest,
which can delay or weaken protective measures, including
those related to mixture assessments. Manufacturers are
typically required to submit toxicological data for individual
substances they produce or import, but there is rarely a
requirement to provide data on the potential interactions of
their chemicals with other substances commonly found in the
environment or in consumer products. This creates substantial
data gaps regarding mixture toxicity.

In some regulatory contexts, the burden of proof can fall on
regulatory agencies to demonstrate that a mixture is harmful,
rather than on manufacturers to demonstrate that their
chemicals are safe in the context of real-world mixed exposures.
This reactive, rather than proactive, approach, coupled with the
resource-intensive nature of mixture research, means that
regulatory action on mixtures is often slow and insufficient.
Data gaps are particularly acute for many PFAS mixtures,
complex pesticide formulations, and the combined effects of
EDCs.”” To address potential bias, enhanced mandates for
independent, publicly funded mixture studies and transparent
conflict of interest disclosures in regulatory submissions would
help ensure more balanced scientific assessments.

3.13. Ethical and Legal Considerations

From an ethical standpoint, limited attention to mixture
toxicity means that current regulatory systems may not be
optimally fulfilling their primary mandate to protect public
health and the environment.”> A more balanced approach
might consider placing the burden of demonstrating safety in
the context of combined exposures more heavily with the
industries that produce and profit from these chemicals,
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aligning with principles of accountability and enhanced
application of the precautionary principle.**

Current legal frameworks often lack clear mandates or
effective enforcement mechanisms to compel comprehensive
mixture assessments. While some laws, like FIFRA in the US,
have provisions for cumulative risk assessment for pesticides
with common mechanisms of toxicity, their application has
been narrow and has not extended to the broader universe of
chemical mixtures with dissimilar mechanisms that may still
interact.”” These challenges perpetuate a system that cannot be
optimally equipped to deal with the chemical realities of the
21st century.

3.14. Case Studies: lllustrating Challenges in Real-World
Scenarios

To concretely illustrate potential consequences of the
regulatory challenges discussed, this section presents case
studies focusing on three classes of toxicants, PFAS, heavy
metals, and pesticides, where mixture exposures are common
and the limitations of single-substance approaches are
particularly evident. These examples highlight potential gaps
in how current regulatory systems address public health and
environmental protection from the combined effects of
chemicals.

3.14.1. Case Study 1: Per- and Polyfluoroalkyl
Substances (PFAS) and Co-Occurring Endocrine Dis-
ruptors. PFAS are a large family of synthetic chemicals
characterized by their extreme persistence in the environment
and the human body.”® They are found in industrial and
consumer products, leading to widespread human exposure,
primarily through contaminated drinking water and food.
Biomonitoring studies detect multiple PFAS congeners in
human blood and milk, indicating ubiquitous coexposure.”””*
At the molecular level, PFAS exert their endocrine-disrupting
effects primarily through activation of peroxisome proliferator-
activated receptors (PPARs), competition with thyroid
hormone and fatty acid-binding proteins, and modulation of
nuclear receptor signaling. When co-occurring with other
EDCs such as bisphenol A (BPA), which acts via estrogen
receptor (ERa) pathways, these distinct but interconnected
molecular targets can produce convergent downstream effects
on hormonal homeostasis. Research has shown that PFAS may
act synergistically with other EDCs like BPA, for example,
potentially enhancing thyroid disruption or other endocrine-
mediated effects at concentrations where individual chemicals
might show minimal impact.”” However, the concentrations
and test systems used in these studies should be carefully
evaluated for their environmental relevance and applicability to
human health at realistic exposure levels.

Regulatory responses have been slow and fragmented. In the
US, TSCA has faced challenges in effectively regulating existing
PFAS or preventing new, problematic PFAS from entering the
market. While the US EPA has recently taken steps to establish
national drinking water standards for a few PFAS, these efforts
have been long delayed, and the single-substance approach still
largely does not address the risks from the thousands of other
PFAS or their combined effects with other EDCs. Commun-
ities near industrial facilities or military bases using PFAS-
containing firefighting foams often face disproportionately high
exposures and potential health risks.*” Recent litigation, such
as the 2024 settlement with 3M over PFAS contamination,
underscores growing legal pressure to address mixture risks,
though regulatory frameworks remain reactive rather than
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preventive. Epidemiological studies show associations between
PFAS exposure and various health outcomes including cancer,
liver damage, and immune system dysfunction, although these
associations may not definitively establish causation due to
potential confounding factors. This case demonstrates
potential challenges when chemical classes are not addressed
as mixtures, potentially resulting in widespread contamination,
costly remediation, and possible public health impacts.

3.14.2. Case Study 2: Heavy Metals—The Flint Water
Crisis and Beyond. The coexposure to multiple heavy metals,
such as Pb, Cd, arsenic (As), and Hg, is a significant public
health concern globally. These metals can contaminate
drinking water, soil, and food sources. Children are particularly
vulnerable to the neurotoxic effects of heavy metals, partly
because developing neural tissue expresses high levels of metal
transporters and is more permeable to ionic species crossing
the blood—brain barrier. At the molecular level, several
mechanisms underlie the additive and synergistic neurotoxicity
observed in heavy metal mixtures. Lead and Hg both disrupt
glutamate signaling and inhibit N-methyl-p-aspartate (NMDA)
receptor function, impairing synaptic plasticity through
convergent pathways. In turn, Cd competes with zinc and
calcium for binding sites on metallothioneins and calmodulin-
dependent enzymes, amplifying oxidative stress when
combined with Pb or Hg by depleting antioxidant defenses.
Arsenic further contributes through inhibition of sulfhydryl-
dependent enzymes and interference with DNA methylation,
which may synergize with Pb-induced epigenetic disruption
during critical developmental windows. It has been shown that
coexposure to various toxic elements may exacerbate toxic
effects, with their combined impact potentially being greater
than the sum of their individual toxicities.*'~®* The Flint,
Michigan water crisis serves as an example of challenges in
addressing multiple chemical exposures.**° While the primary
focus was on lead contamination resulting from corrosive water
leaching lead from aging pipes, the situation also involved
other water quality issues and potential coexposures, including
harmful disinfection byproducts and bacterial contaminants
(Legionella). In this case, the specific potentially interactive
effects of the chemicals contaminating the water system
warrant detailed analysis to understand the full scope of
mixture impacts.

The Clean Water Act and Safe Drinking Water Act in the
US set individual standards for contaminants but generally do
not account for the potential for interactive effects when
multiple metals or other toxicants are present simultaneously.*”
This case highlighted challenges in regulatory oversight, gaps
in testing for mixtures, and a delayed response that
disproportionately affected a vulnerable, predominantly low-
income and minority community. Studies suggest associations
between persistent cognitive deficits in Flint children with
combined lead—cadmium exposure, although these associa-
tions require careful interpretation considering potential
confounding factors, reinforcing the need for mixture-specific
response policies.*”*” These findings highlight the critical need
for environmental justice considerations in both regulatory
frameworks and remediation efforts.

3.14.3. Case Study 3: Pesticide Mixtures in Food and
the Environment. Modern agricultural practices result in
complex pesticide mixtures as residues in food and water,
exposing consumers through diet and agricultural workers
through occupational contact."*”® Organophosphates and
carbamates share a common neurotoxic mechanism (acetyl-
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cholinesterase (AChE) inhibition) but differ critically in
reversibility: organophosphates form stable, often irreversible
enzyme complexes, whereas carbamates produce spontane-
ously reactivating carbamylated complexes. Therefore, coex-
posure can generate toxicokinetic and toxicodynamic syner-
gism, with organophosphate-induced inhibition prolonging
carbamate effects. In addition, azole fungicides inhibiting
cytochrome P450 (CYP) enzymes may impair organo-
phosphate detoxification, amplifying systemic toxicity below
individually harmful thresholds. Beyond neurotoxicity, pesti-
cide mixtures may interact across endocrine, developmental,
and immune systems through distinct mechanisms, producing
combined adverse effects that current regulatory frameworks
may not fully capture.

Regulatory frameworks like the US FIFRA and European
food safety regulations (EFSA) primarily set ADI and ARD for
individual pesticides. While there have been efforts to
implement cumulative risk assessments for groups of pesticides
with common mechanisms of toxicity (e.g, organophos-
phates), these assessments are often limited in scope, slow to
be completed, and do not typically address mixtures of
pesticides with different mechanisms of action or the combined
effects of pesticides with other environmental toxicants,'***”!
Furthermore, these regulations often do not account for the
potential cumulative effects where low-level exposures to
multiple residues, each within legal limits, may collectively
pose elevated health risks. Recent studies have demonstrated
that bees exposed to field-realistic mixtures of neonicotinoids
and fungicides experience significantly greater mortality and
behavioral disruptions than predicted by individual assess-
ments, although the relevance to human health requires further
investigations.92

These case studies underscore a consistent pattern:
regulatory systems designed around single-chemical assess-
ments may not be optimally equipped to address the complex
reality of mixed exposures, potentially leading to an under-
estimation of risks and challenges in protection of public and
environmental health.

4. DISCUSSION

The analysis presented in this review identifies a significant
misalignment between the scientific understanding of toxicant
mixture exposures and the prevailing regulatory paradigms
worldwide. The evidence suggests: humans and ecosystems are
ubiquitously exposed to complex mixtures of chemicals, not
isolated substances. These mixtures can interact in additive,
synergistic, or antagonistic ways, often leading to health and
environmental outcomes that are not predictable from single-
substance assessments alone.*>*> Despite mounting scientific
evidence dating back decades, the dominant regulatory
approach remains anchored in a predominantly chemical-by-
chemical assessment strategy, an approach that may not be
optimally suited to our chemically complex world.

This gap, as illustrated by the examination of international
treaties, national regulations (including TSCA and REACH),
and sector-specific policies, can result in potential under-
estimation of risks and, consequently, challenges in providing
optimal protection for public health and the environment. The
case studies on PFAS, heavy metals, and pesticides
demonstrate potential implications of these regulatory
challenges, highlighting how vulnerable populations often
bear a disproportionate burden of these potentially unad-
dressed risks.
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The regulatory gaps identified in this review represent
significant challenges rather than simple oversight. These
include the pervasive single-substance focus, inconsistent
standards across jurisdictions, insufficient application of
precautionary measures, potential industry influence, and
significant data deficiencies, all of which create a regulatory
landscape that cannot optimally prioritize comprehensive
public health protection. While it is important to note that
many individuals are living healthier and longer lives compared
to previous generations, these gaps, nonetheless, translate into
important public health considerations, including potential
increased risks of endocrine disruption, neurodevelopmental
disorders, various cancers, and other chronic diseases. The
challenge in mandating comprehensive mixture assessments
before chemicals are allowed on the market or before exposure
limits are set means that society is often reacting to problems
only after harm has occurred, rather than proactively
preventing it. This reactive approach creates a cycle where
regulations perpetually lag emerging scientific evidence, leaving
populations exposed to potential risks for decades. The current
system may place an undue burden on public agencies to prove
harm from mixtures, rather than requiring manufacturers to
demonstrate the safety of their products in the context of
realistic, mixed exposures.

Addressing this challenge will require more than incremental
adjustments to existing frameworks; it necessitates a paradigm
shift. The scientific community has been developing advanced
tools and approaches, such as exposomics, high-throughput
screening, computational toxicology (including QSAR and
PBPK modeling), and systems biology, that offer the potential
to better characterize exposures, predict interactions, and
assess the cumulative risks of chemical mixtures.””***® The
adoption of new scientific methods into regulatory systems
remains slow due to challenges in validation, standardization,
and institutional capacity. As innovation advances faster than
regulatory adaptation, a gap persists between scientific
capability and policy implementation. Integrative frameworks,
such as One Health, linking human, animal, and environmental
health, provide a useful perspective for addressing complex
mixture exposures across ecosystems and species.17"2’94
Environmental contaminants often circulate through inter-
connected ecological systems, accumulating in food webs,
altering microbial communities, and impacting wildlife
physiology, before reaching humans. For example, pesticide
mixtures used in agriculture not only affect soil and aquatic
ecosystems but also contribute to antimicrobial resistance and
disrupt endocrine function in both livestock and humans.
PFAS and other persistent toxicants have been also
documented across species and habitats, underlining their
global ecological footprint.

Integrating One Health principles into regulatory frame-
works could involve cross-sectoral surveillance, ecological risk
assessments alongside human toxicology, and early warning
systems utilizing sentinel species data. By framing chemical
exposures as a multispecies, systems-level problem, One Health
enables a more comprehensive and anticipatory approach to
chemical safety, bridging regulatory silos and supporting
policies that protect entire ecosystems rather than isolated
human end points.

The regulatory landscape faces significant challenges in
implementation. These dynamics require careful consideration
in developing more comprehensive regulatory reforms. More-
over, the principles of environmental justice demand that
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regulatory reforms prioritize the protection of the most
vulnerable and disproportionately exposed communities. This
includes ensuring that risk assessments explicitly consider
differential exposures and susceptibilities and that affected
communities have a meaningful voice in policy development.
Addressing these challenges requires a multifaceted approach
that balances scientific evidence with practical implementation
considerations.

While the task of reforming chemical regulations to
adequately address mixtures is daunting, it is not insurmount-
able. The legislative changes in Canada (CEPA reforms) to
incorporate cumulative effects assessments offer promising
developments and a potential model for other jurisdictions.
The ongoing discussions within the EU regarding the
implementation of MAFs also represent a step in the right
direction, though their scope and mandatory application
remain critical points of development. Some jurisdictions are
exploring innovative approaches such as class-based regulations
for chemical groups like PFAS, which could provide templates
for addressing other chemical classes with similar properties or
mechanisms of action. Ultimately, effective reform will require
a multipronged strategy that combines scientific innovation,
robust policy development, international cooperation, and
appropriate application of the precautionary principle balanced
with scientific evidence and economic considerations.

It is essential to contextualize current chemical exposures
and health outcomes within broader historical trends. While
environmental exposure to chemical mixtures is indeed a
legitimate concern requiring regulatory attention, by several
measures humans are leading healthier and longer lives
compared to people born a century ago. This observation
does not diminish the importance of addressing mixture
toxicity but emphasizes the need for balanced risk
communication and evidence-based policy decisions that
consider both potential harms and the benefits of chemical
technologies in modern society.

5. CONCLUSIONS

The evidence suggests: the prevailing single-substance
approach to chemical regulation may not adequately protect
against the complex and interactive risks posed by real-world
toxicant mixtures.””> Despite decades of research showing
additive and synergistic effects, most national and international
frameworks remain focused on isolated substances, potentially
creating a gap in underestimation of cumulative risk,
particularly for vulnerable populations. This review shows
that challenges between scientific understanding and regulatory
action can persist due to fragmented standards, potential
industry influence, insufficient precautionary measures, and
inadequate data on combined exposures.

To address these challenges, regulatory reform should
consider prioritizing mixture risk assessments, harmonized
global standards, and robust protections for disproportionately
affected communities.'”*" Integration of emerging scientific
tools, such as exposomics, computational toxicology, and high-
throughput screening, along with frameworks like One Health,
can enable a shift toward systems-based governance.
Regulatory reforms should also incorporate benefit-cost
analyses and uncertainty assessments to ensure that protective
measures are both scientifically justified and economically
feasible. The task is technically and politically complex but
important. Without appropriate reform, regulatory systems will
continue to lag behind the realities of modern chemical
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exposure, potentially perpetuating avoidable harm. The need
to align policy with science is pressing before cumulative
chemical burdens cause further potential damage.”

6. RECOMMENDATIONS

Given the enormous number of possible chemical combina-
tions and the inherent limitations of regulatory resources, a
risk-based prioritization framework is essential. A tiered
framework offers a practical means of ranking chemical
mixtures based on several key criteria: (a) the frequency and
magnitude of coexposure, such as chemicals consistently
detected together in large-scale biomonitoring programs like
NHANES and HBMA4EU, (b) biological plausibility for
interactive effects, for instance, when chemicals share
molecular targets, metabolic pathways, or similar modes of
action, (c) the potential for heightened health risks in
vulnerable groups, including children, pregnant individuals,
and communities facing disproportionate environmental
exposures, and (d) the availability of relevant data and the
feasibility of regulatory action. Applying this framework,
mixtures of PFAS, organophosphate pesticides, heavy metals,
and EDCs should receive the highest priority. This is justified
by their frequent co-occurrence in exposed populations,
growing evidence of combined toxicological effects, as well as
the relative abundance of existing exposure data. Implementing
such a stratified approach would enable regulatory bodies to
focus research and resources on mixtures with the most
significant and addressable public health implications, while
ensuring decisions are transparent, reproducible, and evidence-
based.

To align chemical governance with the realities of mixture
exposure, the following priority actions are proposed:

Mandate science-based mixture risk assessments: consider
requiring chemical safety evaluations to routinely include
mixture toxicity, especially for high-exposure scenarios (e.g.,
PFAS, pesticides, EDCs).”"** This should apply to both
intentional mixtures (formulations) and common environ-
mental cocontaminants, using a tiered approach based on the
exposure data and toxicological concern.

Standardize methodologies and tools: adopt validated,
internationally harmonized methods for mixture risk assess-

ent.””” These should include component-based approaches
(e.g, hazard index, toxic equivalency, MAFs), whole-mixture
testing where feasible, and integration of high-throughput
screening, QSAR, and PBPK models.

Center vulnerable populations: mixture regulation should
explicitly protect susceptible groups, children, pregnant
women, elderly populations, and socioeconomically marginal-
ized communities, by incorporating additional uncertainty
factors, stricter exposure limits, and equity-driven exposure
assessments.

Implement science-based precautionary approaches: when
interaction data are lacking or inconclusive, consider applying
default MAFs based on scientific evidence and encourage
manufacturers to demonstrate safety under plausible coex-
posure scenarios.”* Regulatory decisions should be guided by
the best available science while acknowledging uncertainties.

Embed One Health into regulatory frameworks: incorporate
ecological end points and cross-species vulnerability into
mixture assessment strategies, reflecting the interdependence
of human, animal, and environmental health. This includes
environmental surveillance using sentinel species and cross-
sector data integration.97
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Strengthen transparency and data requirements: consider
mandating full public disclosure of mixture-relevant data,
including coformulant interactions and environmental persis-
tence; evaluate confidentiality claims for health-impacting data;
and develop standardized mixture hazard reporting formats.

Harmonize international standards: promote global con-
sistency through WHO, the Organisation for Economic Co-
operation and Development (OECD), UNEP, and other
multilateral frameworks; establish global benchmarks for
mixture toxicity, including PFAS, metals, and pesticide
residues.

Enhance surveillance and biomonitoring: expand national
and regional biomonitoring programs to track real-world
mixture exposures, with particular attention to hotspots and
vulnerable communities. Surveillance data should inform
regulatory thresholds and postmarket reassessment triggers.

Fund independent mixture research: increase public invest-
ment in mixture toxicology, exposomics, and computational
modeling; establish interdisciplinary centers of excellence and
train regulators to interpret complex data. Independent
funding mechanisms should be prioritized to ensure scientific
integrity.

Incorporate comprehensive benefit-cost analysis and un-
certainty assessment: regulatory decisions should systemati-
cally evaluate the economic costs and benefits of mixture
regulations, while explicitly addressing uncertainties in mixture
toxicity data. This approach will ensure that protective
measures are proportionate to risks and consider the broader
societal implications of regulatory actions.

7. LIMITATIONS

The present review aims at providing a comprehensive
assessment of regulatory challenges in addressing toxicant
mixtures but several limitations should be noted. First, the
literature search was limited to English-language publications
from 1980 onward. While this approach captures the most
policy-relevant and methodologically standardized research, it
can have excluded earlier or non-English studies, particularly
those from regions where chemical exposures and regulatory
responses differ significantly from high-income countries.
Second, although the review includes key examples of toxicant
classes (e.g, PFAS, heavy metals, pesticides), it cannot
exhaustively cover the full spectrum of relevant mixture
scenarios. Notable areas beyond the scope of this review
include emerging contaminants such as microplastics, trans-
formation products, and nanomaterials, as well as exposure
contexts such as e-waste recycling. These represent important
domains for future analysis, especially given their potential to
generate complex mixtures. Third, while the review draws on
both biomonitoring and toxicological studies, significant
uncertainties remain regarding the interactive effects of many
mixtures at environmentally relevant doses.’””” Although
documented, synergistic effects are rarely observed, and the
current scientific understanding of when and how they occur
remains incomplete. This highlights the need for continued
refinement of mixture assessment methods, including better
validation of computational models and expanded access to
exposure data sets. Finally, the analysis focuses predominantly
on regulatory frameworks and data availability in industrialized
regions, notably the US, EU, and Canada. Although global
treaties are discussed, a deeper exploration of regulatory
capacity and exposure burdens in low- and middle-income
countries is lacking. Given the transboundary nature of
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chemical pollution and the disproportionate exposure risks
faced by vulnerable populations in these settings, greater global
representation is essential for future work.

Despite these limitations, the review highlights important
structural challenges in current chemical governance and
provides a clear direction for advancing mixture risk assess-
ment and regulation. Future efforts should focus on bridging
data gaps, expanding global inclusion, and adapting regulatory
systems to reflect the complexity of real-world exposures.
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